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Branching fraction and asymmetry measurements of charmless BY — K**h} h; (where hy, = K, m)
decays are presented, using a data sample of 232 X 10° Y(4S) — BB decays collected with the BABAR
detector at the SLAC PEP-II asymmetric-energy B factory. Using a maximum likelihood fit, the following
branching fraction results were obtained: B(B™ — K**K*K~) = (36.2 +3.3 +3.6) X 107% and
BB* - K7t 7)) = (75.3 = 6.0 = 8.1) X 107°. Upper limits were set for B(B™ — K**7TK™) <
11.8 X 107% and B(B* — K**K"7~) < 6.1 X 107° at 90% confidence level. The charge asymmetries
for the decays BY — K*"K*K~ and B™ — K*"#" 77~ were measured to be A gxx = 0.11 £ 0.08 +
0.03 and Ag-,, = 0.07 = 0.07 £ 0.04, respectively. The first error quoted on branching fraction and
asymmetry measurements is statistical and the second systematic.

DOI: 10.1103/PhysRevD.74.051104

Charmless decays of B mesons to three-body final states
are very important in aiding the understanding of the weak
interaction and complex quark couplings described by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
[1]. Improved experimental measurements of these charm-
less decays, combined with theoretical developments, can
provide significant constraints on the CKM matrix parame-
ters or uncover evidence for physics beyond the standard
model. For example, the branching fraction of the decay
Bt — K*" 7t K~ is sensitive to CKM matrix elements V,,
and V,, (see Fig. 1). Additionally, a B* — K* 7t K~
branching fraction value equal to or smaller than the
branching fraction of the standard model suppressed decay
B" — K*"K* 7~ would be an indication of new physics.

We identify K** mesons through their decay to Kg7r+.
Charged B-meson decays to Ky7*h{h, (where hy, = K
or ) are dominated by K** h; h; , but can also proceed via
a nonresonant component as well as through observed
intermediate charmless resonances such as B — K** ¢
or BY — K** p® [2—4], or other as-yet-unobserved inter-
mediate charmless resonances. To date, there are only
limits on the charmless decays B™ — K**h{ h; , measured
by the ARGUS experiment [5] using less than 0.2 fb™ !

Asymmetry measurements of charmless B decays can be
used to probe for CP violation where the CP asymmetry is
defined as:

L hyhi — FK**hI*hz’

A kmn, = , D
T Pgepong + Devpens
M (a) (b)
b T, dnr Sm
W d
V.8 _ _ _
B* UK b YK
B* <

u WK™ w K™
FIG. 1. Penguin (a) and tree (b) Feynman diagrams for the

decay Bt —» K** 7T K~.

PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

and T is the partial width of the charged B decay in the
subscript.

In the analyses presented in this paper, branching frac-
tions of BY - K**K*K~ and BY — K*" 7wt 7~ were
measured for the first time, and upper limits were set for
BT — K*" 77K~ and the standard model suppressed de-
cay B* — K** K" 7™, where charge-conjugate decays are
also implied. The selection criteria required events with a
reconstructed KOzt h h; final state such that the total
charmless contribution to the K** A h; Dalitz plot could
be measured (with charmed and charmonium resonances
removed), including contributions from resonant charm-
less substructure. Finally, the A - j, values for the ob-
served decays B* — K**K*K~ and B* - K" "7t 7~
were measured.

The data used in this analysis were collected at the PEP-
I1 asymmetric-energy e ' e~ storage ring with the BABAR
detector [6]. The BABAR detector consists of a double-
sided five-layer silicon tracker, a 40-layer drift chamber, a
Cherenkov detector, an electromagnetic calorimeter and a
magnet with instrumented flux return. The data sample has
an integrated luminosity of 210 fb~! collected at the Y'(4S)
resonance, which corresponds to (231.8 = 2.5) X 10° BB
pairs. It was assumed that the Y(4S) decayed equally to
neutral and charged B-meson pairs. In addition, 21.6 fb~!
of data collected at 40 MeV below the Y(4S) resonance
were used for background studies.

Candidate B mesons were reconstructed from three
tracks and a K9, where the Kg was reconstructed from
7t~ candidates. Each of the three tracks that were not
associated with the K were required to have at least 12 hits
in the drift chamber, a transverse momentum greater than
100 MeV/c and to be consistent with originating from the
beam-spot. These tracks were identified as either pion or
kaon candidates using energy loss (dE/dx) measured in the
tracking system and the number of photons measured by
the Cherenkov detector and their corresponding Cherenkov
angles. Furthermore, the tracks were required to fail the
electron selection based on dE/dx information, their ratio
of energy in the calorimeter to momentum in the drift
chamber, and the shower shape of the signal in the calo-
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rimeter. The Kg candidates were required to have a recon-
structed mass within 15 MeV/c? of the nominal K° mass
[7], a decay vertex separated from the B* decay vertex by
at least 5 standard deviations, and a cosine of the angle
between the line joining the B and Kg decay vertices and
the Kg momentum greater than 0.999.

To characterize signal events, three kinematic variables
and one event-shape variable were used. The first kine-
matic variable AE, is the difference between the center-of-
mass (CM) energy of the B-candidate and /s/2, where /s
is the total CM energy. The second is the beam-energy-

substituted mass Mg = \/(s/2 +p; - pp)*/E? — p3,
where pp is the B momentum and (E; p;) is the four-
momentum of the Y(4S) in the laboratory frame. The third
kinematic variable is the ng+ invariant mass, mg-, used
to identify K** candidates. Using these three kinematic
variables, candidates were required to be in the ranges
|AE| <0.1 GeV, 525<mgs <5.29 GeV/c>  and
0.772 < mg+ < 0.992 GeV/c?. The event-shape variable
is a Fisher discriminant (/F) [8], constructed from a linear
combination of the cosine of the angle between the
B-candidate momentum and the beam axis, the cosine of
the angle between the B-candidate daughters thrust axis
and the beam axis, and the zeroth and second angular
moments of energy flow about the thrust axis of the re-
constructed B.

Continuum quark production (e*e™ — gg where g =
u, d, s, c) was the dominant source of background. This
was suppressed using another event-shape variable which
was the cosine of the angle #; between the thrust axis of
the selected B-candidate and the thrust axis of the rest of
the event. For continuum background, the distribution
| cosfr| is strongly peaked towards unity whereas the
distribution is flat for signal events. Therefore, the relative
amount of continuum background was reduced by requir-
ing | cosfr| < 0.8.

Simulated Monte Carlo (MC) events were used to study
background from other B-meson decays. The largest
B-background for B™ — K*" 7" 7~ candidates comes
from decays including charmonium mesons such as
J/WK*, x oK™t and (2S)K**, where the charmonium
meson decays to u™ u~ which are misidentified as pions,
or where the charmonium meson decays directly to 7" 7.
These background events were removed by vetoing recon-
structed 777~ masses in the range 3.04 < m,+,- <
3.17 GeV/c?, 3.32 < m,+,- <3.53 GeV/c? and 3.60 <
M+ <3.78 GeV/c?, identifying the J/i, x. and
#(2S) mesons, respectively. For BY — K** K"K~ candi-
dates, J/¢K* and y.oK*" events were removed by reject-
ing events with a reconstructed invariant mass in the range
3.04 < myrrg- <3.17 GeV/c?* and  3.32 < mgig- <
3.53 GeV/c?, respectively.

Potential charm contributions from B™ — D%(—
K*"h{)hy events were removed from corresponding
B — K**hy h candidates by vetoing events with a re-
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constructed K**hy invariant mass in the range 1.83 <
mg+, < 1.91 GeV/c?. Additional decays such as Bt —
D™ (— K7 )m*w* and B* — K*"D°(— K*7~) were
removed from BY—>K**'7#*7z~ and BT —
K** 7K~ /K*" K" 7~ candidates, respectively, by veto-
ing events with reconstructed K7 invariant masses in the
range 1.83 < myg, < 1.91 GeV/c?, using the same veto
range for D° and D" candidates. Studies of MC events
showed that the largest remaining charmed background
was BT — DO(— K*" o)™, with 18% of these events
passing the veto. Surviving charmed events had a recon-
structed D mass outside the veto as a result of using the
wrong 71, K or Kg which was incorrectly selected from
the other B decay in the event.

After the above selection criteria were applied, a fraction
of events for all decays had more than one candidate. For
those events, one candidate alone was selected by choosing
the candidate whose fitted B decay vertex had the smallest
x° value. Studies of MC events showed the selection of
Bt — K*" 7" 7~ events produced the largest number of
multiple candidates, in 29% of events, where for these
multiple candidates the correct one was reconstructed
70% of the time.

After all requirements, there were five main sources of
B-background: two-body decays proceeding via a charmo-
nium meson; two and three-body decays proceeding via a
D meson; combinatorial background from three unrelated
particles (K**hi h3); charmless two or four-body B de-
cays with an extra or missing particle and three-body
decays with one or more particles misidentified. Along
with selection efficiencies obtained from MC simulation,
existing branching fractions for these modes [9] were used
to estimate their background contributions which were
included in fits to data.

In order to extract the signal event yield for the channel
under study, an unbinned extended maximum likelihood fit
was used. The likelihood function for N candidates is:

1 M N , M ..
- ol E(§ras) o

: i=1 j=1\i=

where i and j are integers, M is the number of hypotheses
(signal, continuum background and B-background), n; is
the number of events for each hypothesis determined by
maximizing the likelihood function and P;(@, %;) is a
probability density function (PDF) with the parameters &
associated with X, where X can be any of the four variables
mgs, AE, F, and mg-. The PDF is a product P;(&, X) =
Pi(Gmy, mgs) * Pi(@ag, AE) - Pia g, F) - P, mg).
Studies of MC simulations showed correlations between
these variables were small for signal and continuum back-
ground hypotheses. However for B-background, correla-
tions were observed between mgg and AE, which were
taken into account by forming a 2-dimensional PDF for
these variables. The parameters of the signal and
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B-background PDFs were determined from MC simula-
tion. The continuum background parameters were allowed
to vary in the fit, to help reduce systematic effects from this
dominant event type. Upper sideband data, defined to be in
the region 0.1 <AFE<0.3 GeV and 5.25<mgg <
5.29 GeV/c?, was used to model the continuum back-
ground PDFs. For the mgg PDFs, a Gaussian distribution
was used for signal, a threshold function [10] for contin-
uum and the combination of a Gaussian and threshold
function for B-background. For the AE PDFs, a sum of
two Gaussian distributions with the same mean was used
for the signal, a first-order polynomial for the continuum
background and the combination of the two Gaussians and
a first-order polynomial was used for B-background. The
JF signal, continuum and B-background PDFs were de-
scribed using the sum of two Gaussian distributions with
distinct means and widths. Finally for mg- PDFs, the sum
of a Breit-Wigner and a first-order polynomial was used to
describe the signal, continuum and B-background distri-
butions. The first-order polynomial component of the -
PDFs was used to model misreconstructed events for signal
and background.

In order to allow uncertainties and corrections due to
MC simulation to be calculated and applied to the signal
modes under study, the decay B* — D%(— K** 77 )7
was used as a calibration channel. These events were
selected using the BY — K** 77~ selection criteria,
but requiring the reconstructed K** 77~ invariant mass be
in the range 1.84 < mg++ - < 1.88 GeV/c?. With more
than 1800 signal events and approximately a 4 to 1 signal
to background ratio in the total number of Bt — D%(—
K*"7~)w* candidates, it was possible to fit the signal
PDF parameters for this mode.

Branching fractions, B, are usually calculated using the
following equation, B = ng,/(Npz X €), where ng, is the
fitted number of signal events, € is the average signal
efficiency obtained from MC simulation and Npgj is the
total number of BB events. For the charmless B™ —
K**hi hy branching fraction, the average efficiency can-
not be taken directly from MC events. This was because
the efficiency varies over the Dalitz plane and the distri-
bution of events in the Dalitz plane is unknown before fits
to data. To calculate the branching fraction, a weight was
assigned to each event, j, as:

szig,iPi(&’ 55/)
i

AT
J anPk(&’ )_C)j)
k

3)

where k is an integer and Vi, ; is the signal row of the
covariance matrix obtained from the fit [11]. This proce-
dure is effectively a background subtraction where these
weights have the property > jo = ngg. The branching
fraction is then calculated as B =szj/(ej X Ngg)

where € (a function of m2..,_, m>_ . and the K** —
j G
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1(277+ decay helicity angle, JH x++) varies across phase
space and is simulated in bins using over 7 X 10® MC
events for each channel. The size of the bins are optimized
to provide continuous coverage of the efficiency
distribution.

Figure 2 shows the fitted projections for B™ —
K*K*K~, B" > K"7n*K~, B* > K'*K"#~ and
BT — K*" "7~ candidates, while the fitted signal yield,
measured branching fractions, upper limits and asymme-
tries are shown in Table I. The candidates in Fig. 2 are
signal-enhanced, with a requirement on the probability
ratio Pg, /(P + Pi,), optimized to enhance the visibil-
ity of potential signal, where Pg, and P, are the signal
and the total background probabilities, respectively, (com-
puted without using the variable plotted). The 90% con-
fidence level (C.L.) branching fraction upper limits (By; )
were determined by integrating the likelihood distribution
(with systematics uncertainties included) as a function of
the branching fraction from 0 to By, so that [ (? U LdB =
0.9 (& LdB.

Contributions to the branching fraction systematic error
are shown in Table II. Errors due to charged tracking
efficiency and K reconstruction efficiency were assigned
by comparing control channels in MC events and data. The

— E (@
S C
S 50—
o C
s = Siin anax o= == 0 S o SN
§ Of
B r (b)
£ 50p +
L%.) - + .............
- + Ty
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C (c)
40F .
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100 F e
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mg (GeV/c?)

FIG. 2 (color online). Maximum likelihood fit projections of
mpg for signal-enhanced samples of charmless BY — K**h{ hy
candidates. The dashed line is the fitted background PDF while
the solid line is the sum of the signal and background PDFs. The
points indicate the data. The plot labeled (a) shows a projection
of BY — K**KTK™~ candidates, (b) Bt — K*" 77K~ candi-
dates, (c) Bt — K** K7~ candidates and (d) B* — K** 7wt 7~
candidates.
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TABLE I. Signal yields, efficiencies and branching fractions for B* — K**K*K~,B" - K**7#* K ,B" - K**K* 7~ and B" —
K**ar" 7™, measured using KO7*h; h; events. The first error is statistical and in the case of the measured branching fractions the
second error is systematic. These efficiencies have taken into account that B(K** — K%z*) = 2/3, assuming isospin symmetry, as
well as B(K® — K9) and B(K) — 7+ @) [7]. The branching fraction upper limits at a 90% C.L. are shown for B* — K** 7" K~ and
Bt — K**K"7r~. Asymmetries are reported (first error is statistical and the second is systematic) only for the channels with

statistically significant yields.

Mode Signal Events  Efficiency (%)

Measured Branching

Upper Limit ( X 107%)  Asymmetry (A g+;)

Yield Fraction ( X 107%)
Bt — K*"KTK~ 288 £ 26 34 36.2 £33+3.6 - 0.11 = 0.08 = 0.03
Bt - K" gtK~ 20.1 £24.7 3.5 25*+31%x53 11.8 -
Bt —- K*"Kt 7~ 9.7 £ 17.1 3.5 1.2+21=%x20 6.1 —
Bt — K*tgta~ 583 * 46 33 75.3+6.0£8.1 - 0.07 = 0.07 = 0.04

error in the efficiency was due to limited MC statistics,
generated for each of the decays BY — K**K*K~, B" —
K7t K™, Bt = K'*"K*7w~ and BY — K*t# 7.
Using a sample of e"e™ — u™ u~ decays, the uncertainty
in the number of BB events was calculated to be 1.1%. To
calculate errors due to the fit procedure, a large number of
MC samples were used, containing the amounts of signal
and continuum events measured in data, and the estimated
number of B-background events. The differences between
the generated and fitted values using these samples were
used to ascertain the sizes of any biases. Biases of +4.2,
+10.7, +5.1 and +6.4% were observed in the fitted signal
yields of BY* - K**K*K~, B" - K**w*K~, B" —
K*"K*7~ and B* — K** 7" 7, respectively, that were
a consequence of small correlations between fit variables.
These biases were applied as corrections to obtain the final
signal yields and half of the correction was added as a
systematic  uncertainty. The uncertainty of the
B-background contribution to the fit was estimated by

TABLE II.

varying the known branching fractions within their errors.
Each background was varied individually and the effect on
the fitted signal yield was added in quadrature as a con-
tribution to the uncertainty. For the mg- fit range there was
also the possibility of B-background contributions from
nonresonant and higher K** resonances which was mod-
eled in the data fit using a LASS parameterization [12,13].
The contribution from this background was estimated by
extrapolating a K7 invariant mass projection fitted in a
higher-mass region (0.992 < mg- < 1.6 GeV/c?), into the
signal region. This estimated background was modeled in
the final data fit, and half of the contribution to the signal
was added as a systematic error contribution. The extrapo-
lation assumed there were no integrated interference ef-
fects between the K 77 background and the K**(892) signal.
The uncertainty due to reconstructing the wrong B* —
K**hi h; signal candidate as a consequence of K /7 mis-
identification, for example B¥ — K**K* K~ events being
reconstructed as BT — K*" 77K~ candidates was deter-

Summary of systematic uncertainty contributions to the branching fraction measurements B* — K*Th{h;.

Multiplicative errors are shown as a percentage of the branching fraction and additive errors are shown in events. The final column

shows the total systematic error on the branching fraction.

Error source K**KT K~ error (%)

K*t7T K~ error (%)

K**K* 7~ error (%) Kt 7t @~ error (%)

Multiplicative errors (%)

Tracking 2.4
K9 Efficiency 1.2
Efficiency 53
No. of BB 1.1
Tot. mult.(%) 6.0
Additive errors (events)

Fit Bias 6.0
B-background 6.9
K(892)** bkg 19.5
Signal mis-id 0.0
PDF params. 8.4
Tot. add. (events) 23.1
Total (107%) 3.6

2.4 24 24
1.2 1.2 1.2
94 8.2 5.6
1.1 1.1 1.1
9.8 8.7 6.3

1.1 0.3 18.7
334 1.3 37.9
12.0 45 25.6
14.2 15.5 0.0
19.4 3.0 14.0

429 16.5 51.4
53 2.0 8.1
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mined using MC events and added as a systematic. The
uncertainty due to PDF modeling was estimated from the
calibration channel Bt — D%(— K** 77 )7" and by vary-
ing the PDFs according to the precision of the parameters
obtained from the calibration channel fit to data. In order to
take correlations between parameters into account, the full
correlation matrix was used when varying parameters. All
PDF parameters that were originally fixed in the fit were
then varied in turn, and each difference from the nominal fit
was combined in quadrature and taken as a systematic
contribution.

For the decays B* — K**h{h;, interference effects
between the K**(892) and S-wave final states (nonreso-
nant and K8+(1430)) integrate to zero if the acceptance of
the detector and analysis is uniform; the same is true of the
interference between the K**(892) and D-wave final states
(K57(1430)). Studies of MC events showed the efficiency
variations were small enough to make these interference
effects insignificant. The integrated interference between
K**(892) and other P-wave amplitudes such as K} *(1410)
is in principle nonzero, but in practice is negligible due to
the small branching fraction of K5+ (1410) — K97 (6.6 =
1.3%) [7] and the fact that the K7 mass lineshapes have
little overlap.

The CP-violating charge asymmetries for the decays
BT - K**"K*K~ and B — K** 7" 7~ were measured
to be ‘AK*KK =0.11 £0.08 = 0.03 and ﬂ[(*ﬂ.ﬂ. =
0.07 £ 0.07 = 0.04, respectively, where the first errors
are statistical and the second errors are systematic. The
background asymmetries ﬂl?ﬁi « and ﬂ?ffr » which were
expected to be consistent with zero, were measured to be
0.00 £ 0.02 and 0.01 % 0.01, respectively. As a further
study, the asymmetry A,, for BT — D%—
K*"ar~ ), also expected to be consistent with zero,
was measured to be —0.01 = 0.02 with a corresponding

background asymmetry ﬂlg’;f of —0.01 = 0.06 (statistical
errors only).
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The systematic error on A+, ,, was calculated by
considering contributions due to track finding, fit biases,
B-background uncertainties and particle interaction asym-
metries. The error due to fit biases was found to be negli-
gible. Uncertainties due to charged tracking efficiency
were assigned by comparing control channels in MC simu-
lation and data. The contribution from B-background was
calculated by varying the number of expected events
within errors and by assuming a CP-violating asymmetry
of £0.2, as there are no available measurements for these
decays. The CP asymmetry assumed for the individual
B-backgrounds was chosen to be greater than any asym-
metry observed for charged B decays. The interaction
asymmetry of matter and antimatter with the detector
was studied using background measurements J’Zl?fi x and
ﬂ?ﬁiﬂ, where no effect was observed and the statistical
precision of the measurement was added as a systematic
contribution.

In summary, we have analyzed K07 h{ h; final states
to obtain the first branching fraction measurements for the
decays B" — K**K*K~ and B* — K** 7" 7, and no
evidence for new physics was found, placing upper limits
on the branching fractions B¥ — K** 7" K~ and BT —
K*Ktm.
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